In humans cryoglobulinemic glomerulonephritis (CGGN) may develop in the course of systemic cryoglobulinemia (CG) and is often associated with hepatitis C virus infection. It is believed that the glomerular injury in CG results from the deposition of immune complexes, but exact sequence of events in this process is unknown. Experimental models of CGGN provide an important tool to study pathogenesis of this type injury. This review describes two mouse models of CGGN and their use in understanding the role of various molecules involved in regulation of inflammatory and fibrosis pathways, such as complement components, Fc receptors, growth factors, and others; as well as illustrates their role in testing novel approaches of treatment in this type of renal injury.
Cryoglobulinemic glomerulonephritis
Cryoglobulinemic glomerulonephritis (CGGN) is a type of membranoproliferative glomerulonephritis (MPGN) that develops in the course of systemic cryoglobulinemia (CG). Glomeruli in MPGN are hypercellular with accentuated lobular architecture due to mesangial and endothelial cell proliferation and influx of leukocytes, mainly monocytes and macrophages. Areas of mesangiolysis may be present. Glomerular capillary walls are irregularly thickened due to endothelial cell swelling, accumulation of subendothelial immune complexes (IC), or duplication or remodeling of capillary basement membranes. Sometimes accumulation of luminal precipitated IC may be seen in the capillary lumina as a PAS positive globular material ( Figure 1 ). On immunofluorescence (IF) examination these complexes are composed of immunoglobulin (Ig) IgM and/or IgG, with or without light chain restriction, and complement fragment C3 (Figure 2) . Ultrastucturally, the IC, visible as electron dense deposits, are located in subendothelial, but also in luminal and mesangial location, and in approximately 30% of cases have organized appearance in forms of fibrils or tactoids. The classical cryoglobulins (CGs) appear as well organized tubules with > 30 nm in diameter and central hole ( Figure 3) .
The exact mechanisms leading to such injury still remain unknown; therefore having an animal model of this type of glomerular disease is invaluable. This review focuses on the CG associated GN, briefly describes available experimental animal models of CGGN, and discusses the insides into pathogenesis and treatment options based on the observation made using these models.
Cryoglobulinemia
The term cryoglobulinemia refers to the presence of circulating Igs in a patient's serum that precipitate in temperatures lower than 37°C. The first description of this type of precipitation, termed cryoprecipitation, has been attributed to Wintrobe and Buell, who in"cold precipitable serum globulin" [2] . The presence of these Igs has been associated with variety of clinical symptoms including, but not limited to, hyperviscosity [1] , triad of palpable purpura, arthralgia and myalgia -"Meltzer's triad" [3, 4] , and glomerulonephritis [5] . Hyperviscosity is typically associated with CG due to hematological malignancies and monoclonal Igs, while the Melzer's triad is generally seen in association with polyclonal CGs seen in essential-, viral-, or connective tissue disease-associated CG.
The prevalence of clinically significant CG has been estimated at approximately 1:100,000, although detectable levels of circulating CGs have been seen in a significant proportion of patients with chronic infections and/or inflammation: 15 to 20 percent in HIV infection, 15 to 25 percent in connective tissue diseases, 40 to 65 percent in hepatitis C virus (HCV) infected individuals, and as high as 64 percent in HIV and hepatitis C coinfection [6] [7] [8] [9] [10] . Other infectious agents proposed, but not proven, to have an association with CG include hepatitis B, cytomegalovirus, Epstein-Barr virus and human parvovirus B19 [11] .
With the discovery of HCV a considerable attention has been paid to the role of this virus in the pathogenesis of number of cases (in some series more than 90%) of previously considered as essential CG [12--14] . According to WHO as many as 170 million people around the world are infected with HCV (an overall incidence of around 3% of the world's population; http://www.who.int/mediacentre/factsheets/fs164/en/ June 2011), and while liver disease is a main consequence of this infection, the extra hepatic manifestations of such infection include mixed CG and kidney injury. In the course of HCV infection patients may develop glomerular disease such as membranous glomerulopathy or focal segmental glomerulosclerosis, but the strongest association is that with MPGN.
Nature of cryoglobulins
CGs are either monoclonal or polyclonal Igs or a mixture of Igs and complement components. The routine laboratory test for detection of CG is based on cooling the patient's serum. For the test to be properly done the blood should be drawn into prewarmed to 37°C syringes and/or collection tubes without anticoagulants (anticoagulants may produce falsely positive results through the formation of cryofibrinogen or heparin-precipitable complexes) and delivered to the laboratory warm. After clotting at 37°C, separated serum should be subsequently cooled in 4°C to al- www.fhc.viamedica.pl low the precipitation of CG [15] . A cryocrit is determined by measuring the packed volume of the precipitate as a percentage of the original serum volume at 4°C.
Classification of cryoglobulinemia
Based on the molecular composition the CGs has been divided into three types (Table 1) [18] . Updated classifications are being developed to address specific components of cryoglobulinemic syndrome such as cryoglobulinemic vasculitis [19] .
The pathogenesis of CG is still not completely understood. While small amount of CGs can be detected in the serum of healthy persons, many investigators have proposed that their presence reflects the ongoing physiological clearance of endogenous immune complexes by immunoglobulins with rheumatoid factor activity. It appears then, that an abnormal immunological response may result in production of excessive amount of CGs, which may become pathogenic. Number of factors has been proposed to elicit such responses, including: production of higher concentrations of mono-, oligo-, or polyclonal CG as a result of chronic immune stimulation and/or lymphoproliferation, formation of potentially pathogenic immune complexes, and their defective or insufficient clearance.
Animal models of cryoglobulinemia
There is a number of experimental models of MPGN that have been recently reviewed by Vernon et al. [20] . These include sponaneous type I MPGN associated with C3 deficiency described in dogs, lambs, horse and pigs, and factor H deficient pig. Glomerulonephritis resembling dense deposist disease (previously known as MPGN type II) has been observed in pigs with a genetic deficiency of the complement control protein factor H. Some of these models have limited utility as a generalized animal models due to their large size, high cost of care, and a lack of specific reagents for these species. This article focuses primarly on engeenired murine models of MPGN associated with CG.
Thymic stromal lymphopoetin (TSLP) is a thymus derived 140-amino acid protein that supports differentiation of IgM-positive B lymphocytes and promotes mitogenic activity of fetal thymocytes [21, 22] . Overexpression of TSLP in mice results in development of cryoglobulinemia with its systemic consequences of widespread inflammatory disease involving skin, liver, lungs, kidneys and spleen [23] . The CG is of mixed type (type III), similar to that developed in humans in the course of HCV infection. These mice consistently develop glomerular disease in form of MPGN that closely resembles that seen in humans. The development of the glomerular disease has a highly predictable course, making this animal model suitable for experimental studies of CG-associated MPGN. The development of GN in these mice is accompanied by a statistically significant increase in albumin excretion and a small increase in blood urea nitrogen compared to their wild type (WT) littermates. The liver involvement mimics the disease seen in patients infected with HCV [24] , therefore it may potentially serve as a valuable model to study liver injury associated with HCV and CG. Most of the mice develop ulcerated skin lesions predominately located on the ears and tails (cold areas). Histologically, these lesions are characterized by the presence of vasculitis. Lungs are often heavily infiltrated by inflammatory cells, mainly eosinophils and crystal containing macrophages, that fill the pulmonary alveoli, and likely contribute to the animal death. The glomerular involvement in this model is characterized by a membranoproliferative pattern of injury, including lobular accentuation of the tuft, increased glomerular size, an absolute increase in the cell number per glomerulus, and increase of extracellular mesangial matrix [23] . The inflammatory infiltrate of the glomeruli is mostly composed of macrophages. There is glomerular deposition of immune complexes, composed of polyclonal IgM, IgG, less often IgA, and complement component C3. Ultrastructural examination reveals immune type deposits in mesangial areas and in subendothelial locations of capillary walls, sometimes associated with duplication of glomerular basement membrane. In many cases the immune deposits are organized in the form of microtubules arranged in arrays, similar to that seen in humans.
The second animal model of CGGN is induced by an infusion of murine hybridoma cells producing monoclonal IgG3, which behaves as CG [25] . This model was further improved by the development of mice overexpressing IgG3 with both, rheumatoid factor and cryoglobulin activity [26] . These mice develop cutaneous leukocytoclastic vasculitis and glomerular injury. The glomerular lesions are heterogeneous, including membranoproliferative type of injury, crescents, and sclerosis; in addition, one-third of animals develop necrotizing arteritis in the kidneys and skeletal muscles. The glomerular inflammatory cell infiltration in this model is composed predominately of polymorphonuclear leukocytes (which is different than that in TSLP tg mice composed mainly of macrophages). The glomeruli exhibit extensive, confluent, wire-loop-like subendothelial deposits composed mainly of IgG3 and C3, and occasionally of IgG2a. In some glomeruli these deposits appear to be luminal and are obstructing the glomerular capillary lumina.
Pathogenesis -insights from animal models
It is believed that the glomerular injury in CG results from the deposition of immune complexes, which in turn lead to release of growth factors and inflammatory mediators and recruitment of inflammatory cells. While the exact sequence of events in such injury is unknown, experimental models of MPGN provide new insights into the pathogenesis of this injury.
Type of immunoglobulins
The IgG3 isotype of Ig has a unique property to form self-associating complexes as a result of nonspecific IgG3 Fc-Fc interaction [27] . This phenomenon is likely to be responsible for the cryoglobulin activity observed with some IgG3 myeloma proteins in humans [28] and a majority of IgG3 in mice [29] . Significantly, the implantation of hybridoma cells secreting IgG3 anti-IgG2a RF rapidly induces murine acute glomerulonephritis and cutaneous leukocytoclastic vasculitis, further confirming pathogenic activity of IgG3 cryoglobulins. Additionally, this model provides a proof that while RF and CG activity are required for development of skin lesions, the anti-IgG2a RF activity is not necessary for development of glomerular lesions [26] .
Complement and Fc receptors
There are two major mechanisms of triggering inflammatory responses by immune complexes: by activation of complement cascade [30] and via the engagement of cellular receptors for IgG (Fcg receptors, FcgR) [31] . The complement system contains three activation pathways (classical, alternative and lectin) along with numerous regulators at key points throughout. The immunoglobulins activate classical complement cascade by binding to the complement factor C1q, that leads to the production of several chemoreactants, among them C3a and C5a, and subsequently to the formation of the membrane attack complex C5b-9 (MAC). MAC has lytic and activatory activity that may lead to cellular injury or activation with subsequent release of inflammatory mediators. While in the normal situation the complement system serves as a part of the host defense mechanism, its prolong/ /improper activation may lead to the undesirable cellular injury. There are several mechanisms that regulate the complement cascade in order to prevent such disastrous results. Crry is a membrane bound protein with complement inhibiting properties, which represents the rodent functional analog for human decay accelerating factor (DAF) and membrane cofactor protein (PCP). It blocks complement activation at the level of C3 convertase leading to the inhibition of the classic and alternative pathways [32] . Overexpression of Crry has been shown to be protective in some forms of complement-mediated injury in vitro [33] and in vivo [33] [34] [35] [36] .
In TSLPtg mouse model of CR-MPGN the overexpression of Crry did not result in significant improvement of renal pathology, laboratory findings, or the formation of the MAC [37] . It possible that the failure of Crry to protect these mice from glomerulonephritis result from several possibilities, including, but not limited to: the overwhelming action of chronic complement activation is too potent for the inhibitory activity of Crry, the lack of efficacy of complement inhibition, or a possibility that the complement may have a protective role in the pathophysiology of the disease by promoting of disposal of immune complexes.
The role of complement was also investigated in mice with cryoglobulinemia induced by injection of hybridoma cells [38] . Two strains of mice (C57BL/6 and BALB/c) were made deficient in various complement components, such as C3, factor B, and C5, to test the role of alternative pathway of complement activation, and C1q to test the role of classical pathway. The cryoglobulins produced by mice with BALB/c background have both CG and RF activity while the cryoglobulins produced by mice on c57BL/6 background are composed of IgG3 with cryoglobulin activity only. No difference in the role of complement was found between the two strains, and no survival advantage was found when the mice were made complement deficient. Glomerular injury, measured as influx of neutrophils was ameliorated in C3, factor B and C5-deficient mice compared to C1q-deficient mice, pointing to important role of the alternative pathway of complement activation in this type of injury. Also, by testing for the role of CD59a -the membrane inhibitor of MAC, the authors of this study [38] found that the lack of CD59 did not worsen the influx of neutrophils, therefore they concluded that C5a may be responsible for influx of leukocyte. This observation leads to the conclusion that possibly C5 blockade may be a potential therapeutic strategy for amelioration of kidney injury in CGGN.
A prominent role for the mediation of disease is the engagement and activation of Fc receptors (FcRs) on leukocytes by the Fc portions of immunoglobulins that are present in the immune complexes. Mice possess four well-studied classes of FcRs, which depending of their intracytoplasmic domains have either activating or inhibitory effects. The activating receptors include FcgammaRI (FcgRI), FcgRIII and FcgRIV. Engagement of activating receptors Fcgs results in proinflammatory activities, such as mobilization of calcium, degranulation and release of cytokines. Activation of the inhibitory receptor FcgIIb results in inhibition of the proinflammatory processes [39] .
The importance of the inhibitory role of the FcgRIIb was proved in TSLPtg mice [40] . In these animals the genetic deletion of FcgRIIb resulted in the exacerbation of MPGN as shown by the worse kidney function and aggravated glomerular pathology with increase in extacellular matrix, mesangial hypercellularity and influx of macrophages [40] . However, the deletion of the activating Fcg receptors in TSLPtg mice did not provide expected protection from the cryoglobulinemia related MPGN [41] . The renal disease in TSLPtg mice with deleted activating FcgRs was compatible to that seen in TSLPtg mice with intact receptor. Moreover these mice had higher levels of cryoglobulinemia and more immune complexes in the glomeruli [41] . It appears from this study that the Fcgs may play an important role in the clearance of immune complexes both from the circulation and the deposits in the tissue.
Growth factors and other regulators of renal fibrosing injury
Production and deposition extracellular matrix (ECM) leading to glomerulosclerosis and interstitial fibrosis is one of the features of progressive, often irreversible renal injury. Studies have shown that platelet-derived growth factor (PDGF) and transforming growth factor (TGF-b) play an important role in mesangial cell proliferation and deposition of ECM [42] [43] [44] [45] [46] . Recently, van Roeyen et al. [47] showed that podocyte specific overexpression of PDGF-D in mice causes mesangioproliferative disease, glomerulosclerosis, and crescentic glomerulonephritis.
In the TSLP tg mice model of CGGN there is a prominent induction of PDGF-B chain and corresponding PDGF-b receptor (-R) that parallels mesangial matrix expansion and mesangial cell proliferation. The expression of both the ligand and the receptor is present in mesangial cells and parietal epithelial cells. In contrast, the expression of PDGF-A chain and its receptor PDGF-alfa-R is only limited or absent [48] .
TGF-b is another growth factor thought to play an important role in mesangial matrix expansion. This factor is probably produced along the pathway of Another potent regulators of accumulation of ECM leading to glomerulosclerosis and interstitial fibrosis are activators and inhibitors of plasmin [49--51] . Plasmin is a key enzyme involved in degradation of components of ECM and fibrinolysis in coagulation pathway, and it is believed to have a major role in regulation of renal fibrosing injury. Plasminogen activators (PA), such as tissue plasminogen activator (tPA), are serine proteases that convert plasminogen into plasmin, thus enhancing deradation of EMC. Number of plasminogen activator inhibitors, such as protease nexin-1 (PN-1) and plasminogen activators inhibitor PAI-1, among their complex activities, they inhibit generation of plasmin. Several studies demonstrated decreased PA activity and plasmin activity in glomeruli in various forms of experimental injury that resulted in mesangial matrix expansion [52, 53] . Increased levels of PAI-1 have been observed in various forms of kidney diseases leading to renal fibrosis [53, 54] . Upregulation of PN-1 has been shown in number of experimental models of immune-mediated glomerulonephritis [55] .
The microarray studies of TSLP tg mice showed a significant upregulation of PN-1 and tPA compared to WT animals [56] . This observation was further confirmed by in situ hybridization that revealed the same results. Also, immunochemical studies revealed increased expression of PN-1, tPA, and PAI-1 in messangial cells of TSLP tg animals. The role of CG in mediation of this cellular response was subsequently showed in cultured mesangial cells, which after incubation with CGs showed upregulation of PN-1 mRNA, increased expression of PN-1, tPA, and PAI-1 proteins, and increased secretion of profibrotic TGF-b1. The authors of this study concluded that PN-1, tPA, PAI-1 and TGF-b1 are likely to be important mediators of glomerular injury in murine CGGN.
Role of macrophages
Monocytes/macrophages are heterogeneous population of cells that play important role in inflammation, phagocytosis, repair, and tissue remodeling [57, 58] . These cells are often present in various forms of glomerulonephritis, although it is still unknown whether they are effectors of the injury and glomerulosclerosis or they play beneficial role in the repair of glomerular injury. In experimental settings it is possible to eliminate or markedly reduce infiltration of macrophages to test such questions. This has been achieved by creation of an unique stain of transgenic mice (CD11b-DTR tg) in which human Diphteria toxin receptor (DTR) is specifically expressed by monocyte/macrophage-restricted promotor CD11b. In these animals administration of DT results in conditional ablation of monocyte/macrophages lineage of cells [59] .
Mice made doubly transgenic for TSLP and CD11b-DTR develop (after administration of DT) systemic cryoglobulinemia and glomerular deposition of immune complexes similar to that seen in TSLP tg animals, but the glomerular infiltration of macrophages in these animals is markedly reduced [60] . The decreased number of glomerular macrophages results in significant reduction in structural (reduced matrix and collagen IV accumulation, decreased mesangial cell activation, and lower expression of TGF-b1) and functional (decreased proteinuria) glomerular injury. It appears then that in this model of experimental CGGN the macrophages have predominately harmful role in the mediation of glomerular injury.
Cryoglobulinemic glomerulonephritis (CGGN)
Pathogenesis -key points -Rheumatoid factor activity of immunoglobulins, while required for development of skin lesions, might not be necessary for development of glomerular lesion in murine CGGN. -Inhibitory activity of Crry is not potent enough to protect cryoglobulinemic mice from development of glomerulonephritis. -Isolated deficiency in complement cascade components, such as C3, factor B, C5, or C1q, does not provide survival benefit in murine CGGN. www.fhc.viamedica.pl
Treatment
The treatment of CG varies depending on the underlying disease state. In the absence of well-delineated, evidence-based guidelines, most clinicians emphasize the importance of management directed toward the underlying diseases, such as plasma cell disorder, chronic infection, etc.
Depending of the severity of the symptoms the treatment ranges from conservative therapy, such as avoidance of cold, to use of analgesics and nonsteroidal antiinflammatory drugs (NSAIDs). More potent immunosuppressive or immunomodulatory therapy, such as steroids, plasmapheresis, and cytotoxic agents, are reserved for organ-threatening or refractory disease.
The animal models of CG provide an excellent tool for testing new approaches in the modulation and potential treatment of the disease. Based on the findings in the genetically modified animals, new tactics toward the treatment of CG and CGGN has been proposed.
PDGF inhibition
As discussed earlier, the demonstration and presumptive role of PDGF-B chain and its receptor and TGF-b1 in the TSLP tg mice model of MPGN provided useful hope for a potential treatment of this form of glomerulonephritis. To date one of such approaches has been tested aimed at the inhibition of PDGF receptor [61] . Imatinib (Gleevec, Novartis Pharmaceuticals, East Hanover, NJ) is a 2-phenylaminopyrimidine derivative that functions as a specific inhibitor of a number of tyrosine kinase enzymes, such as insulin receptor, c-Abl (the Abelson proto-oncogene), c-Kit, and PDGF receptor. It is used in treatment of chronic myelogenous leukemia, gastrointestinal stromal tumor and other malignancies [62] . There are also some early experimental data that imatinib might have a role in the treatment of pulmonary hypertension [63] , atherosclerosis, as shown in mice [64] , smallpox [65] , and Alzheimer's disease [66] .
In TSLPtg mice the treatment with imatinib had a remarkable protective and therapeutic effect on both systemic and renal injury, resulting from significant decrease in production of cryoglobulins [61] . Imatinib treatment resulted in decrease in absolute number of antibody secreting peripheral B cells, limiting cryoglobulin production and therefore decreasing their deposition in the kidneys. The glomeruli in the treated animals showed a significant improvement of structural injury characterized by decrease in expansion of mesangial matrix, decrease in the extent of immune complex deposition with preservation of patency of capillary lumina. These changes were accompanied by an increased influx of monocyte/macrophages, indicating that at least some monocytes population some may be beneficial in amelioration of the disease. The structural changes in the glomeruli were accompanied by functional improvement including reduced proteinuria. The treatment with imatinib lead to reduction of systemic injury of CG by reduction of overall inflammatory cell infiltration in lungs and liver, and significantly improved the animal survival rate.
While the exact mechanism by which the imatinib modulates B-cell development in TSLPtg mice still remains to be elucidated, the overall effects of this study provide strong arguments that the tyrosine kinase inhibitors provide a significant benefit in patients with CG and MPGN.
RAS blockade
One of the renoprotective approaches in treatment of chronic kidney diseases is use of angiotensin-converting enzyme inhibitors (ACEI) and angiotensin II type 1 receptor blockers (ARB), both of which block the renin-angiotensin system (RAS). The beneficial effect of RAS blockade has been shown in both, experimental studies such as animal models on diabetic nephropathy, hypertension, nephrotoxicity, and in humans with diabetes, hypertension, or chronic kidney disease of different pathogenesis.
The treatment of TSLPtg mice with CG and immune complex mediated GN with enalapril (ACEI) and lorastan (ARB) resulted in significant lowering in blood pressure and proteinuria, and lead to the improvement in renal injury measured by glomerular matrix deposition and mesangial cell activation. RAS blockade also resulted in improved survival of treated animals compared with untreated controls. These effects were not observed in the group treated with hydralazine, a smooth muscle relaxant, which decreased blood pressure without other beneficial changes seen in mice treated with ACEI and ARBs. It appears from this study that RAS blockade has a renoprotective effect, which is independent from lowering the blood pressure.
All-trans-retinoic acid
Retinoids are natural derivative of vitamin A that have multiple cellular functions including induction of cell differentiation, regulation of apoptosis, and inhibition of proliferation and inflammation [67] . They act through binding and activation of retinoid nuclear receptors, including retinoid acid receptors (RARs) and retinoid X receptors (RXRs). In kidneys retin- In addition to its established benefits for the treatment of acute promyelocytic leukemia, retinoic acid (RA) has been found to provide beneficial effect in multiple experimental models of kidney disease including mesangial proliferative glomerulonephritis, puromycin-induced nephrosis, lupus nephritis, diabetic nephropathy, anti-glomerular basement membrane antibody induced crescentic glomerulonephritis, and HIV-related renal disease [68] [69] [70] [71] [72] [73] . Recently, it has been shown to reduce the accumulation of ECM and step down the progression of glomerulosclerosis by regulating expression of Apolipoprotein E, an important plasma protein in cholesterol homeostasis [74] .
The treatment with all-trans-retinoic acid (ATRA) of TSLPtg mice unexpectedly resulted in worsening of cryoglobulinemia and deterioration of its renal and other systemic manifestations. The animals treated with ATRA developed more severe CG with increased levels of IgG and more inflammatory injury in lungs, liver and kidneys.
Interferon-a a a a a
Interferon-a (IFN-a) proteins is produced by leukocytes and is mainly involved in innate immune response against viral infection. Because of its antiviral, but also antiproliferative and immune regulatory effects, it is widely used for treatment of chronic hepatitis B and C and in neoplasia. The benefit of treatment of CGGN independent of its antiviral effect has been tested using the TSLPtg model of CG. The oral administration of IFN-a has been chosen, although the efficacy of such route it still not established. The treatment of this model of CG resulted in only limited improvement in glomerular pathology, characterized by decreased influx of macrophages and mesangial cellularity, without significant changes in mesangial matrix accumulation. There were no significant changes in other extrarenal manifestation of cryoglobulinemia between the treated and untreated animals.
Summary
In summary, the experimental animal models of cryoglobulinemic glomerulonephritis provide an invaluable tool to study natural history of this disease, to understand pathogenesis of this type of injury, and to test novel approaches of treatment options.
Cryoglobulinemic glomerulonephritis (CGGN)
Treatment -key points -Tyrosine kinase inhibitors (e.g. imatinib) provide a remarkable protective and therapeutic effect on both systemic and renal injury in murine cryoglobulinemia and CGGN. -RAS blockade with ACE and ARBs has beneficial effects in experimental model of im mune complex GN by prolonging survival and improvement of kidney function and injury, which is independent from lowering the blood pressure. 
